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Abstract
Coat complexes facilitate the formation of transport vesicles which are essential for proper trafficking of protein and lipids
through the secretory pathway. Since its initial identification in the mid-1980s, the COPI coat complex has been credited with
mediating multiple distinct transport events and intracellular processes in the exocytic pathway. Not surprisingly, the
diversity of these functions has led to significant debate concerning the primary function of COPI. Specifically, within the
ER/Golgi and intra-Golgi systems, does COPI mediate anterograde protein transport, retrograde protein transport, or both?
This review will focus on the in vivo roles of COPI, primarily examining data from studies of yeast COPI mutants but also
including evidence from mammalian systems as appropriate. Some of the current controversies surrounding whether COPI
acts directly or indirectly in anterograde and retrograde transport will also be addressed. Because recruitment of COPI to
membranes requires the small GTP-binding protein ARF, we will also discuss ARF and proteins that regulate ARF function,
and how these proteins might modulate both COPI-driven events and overall membrane composition. Finally, we will point
out some of the links still missing from our understanding of COPI-driven events and discuss possible future directions for
studies of COPI function. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The secretory pathway of eukaryotic cells is com-
prised of multiple distinct membrane-bound organ-
elles. As secretory tra⁄c passes through these organ-
elles, not only must cargo be properly sorted and
modi¢ed, but each of the organelles must retain func-
tional integrity despite the tremendous bulk of pro-
tein and lipids passing through the pathway [1]. For
example, both secreted proteins and proteins des-
tined to become organelle residents are ¢rst translo-
cated into the endoplasmic reticulum (ER). How
each of these proteins ‘knows’ where to go after
this and subsequent transport events depends on
multiple factors, including (but not limited to) sort-
ing signals within the transported proteins themselves
and other proteins whose speci¢c function is to direct
tra⁄c within the secretory pathway. Not surpris-
ingly, these factors often act in tandem to ensure
both that proteins are properly delivered to their
¢nal destinations and that the functional and struc-
tural identity of the organelles is maintained.
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It is well established that movement of protein and
lipids between secretory organelles occurs via trans-
port vesicles [2]. These vesicles capture cargo, bud
from the donor membrane, then target, dock, and
fuse with an appropriate acceptor organelle [3,4].
Vesicle formation is initiated by cytoplasmic coat
proteins which are recruited to the membrane and
are thought to participate in the processes of cargo
selection and membrane deformation. Several dis-
tinct families of coat proteins have been identi¢ed
and found to be conserved throughout eukaryotes,
from yeast to mammalian systems. The three best-
characterized of these are (a) clathrin/adaptor pro-
tein (AP-1 and AP-2) complexes, (b) COPI or coat-
omer, and (c) COPII [4,5]. AP-3, a third adaptor
protein complex homologous to AP-1 and AP-2
was also recently identi¢ed [6^8]. These coats are
distinct from each other both in protein composition
and in sites of action; however, they share several
common features. For instance, each of these soluble
cytoplasmic coat complexes is recruited to the mem-
brane through the action of a small GTP-binding (G)
protein. For clathrin/APs, COPI, and AP-3, this
small G protein is ARF (ADP-ribosylation factor);
for COPII, the small G protein is Sar1p. Finally,
prior to docking and fusion, each type of coated
vesicle uncoats, an event thought to require GTP
hydrolysis by the small G proteins.
Identifying the precise site(s) of function of COPI
has been a major challenge in recent years. This is
particularly evident when one compares COPI with
the clathrin/AP and COPII coat complexes and AP-3
(also reviewed in this issue), all of which have very
well-de¢ned sites of action. It is clear, for instance,
that COPII is recruited to the ER and directs ER to
Golgi anterograde transport [9,10]. For the clathrin/
AP complexes, speci¢city is apparently provided by
the AP complexes, which associate with speci¢c
membranes and then recruit clathrin, which in turn
initiates bud formation [11]. In particular, AP-1 as-
sociates with the trans-Golgi network (TGN) to fa-
cilitate tra⁄cking to the endosome, and AP-2 asso-
ciates with the plasma membrane to mediate
endocytosis. AP-3 directs tra⁄cking from the TGN
to the lysosome/vacuole [12], presumably after re-
cruiting an as yet-unde¢ned associated coat [6] to
the TGN.
Unlike COPII, clathrin/APs, and AP-3, COPI has
been associated with multiple sites of action and sev-
eral distinct secretory pathway functions, including
(a) intra-Golgi anterograde transport, (b) intra-Golgi
retrograde transport, (c) ER to Golgi anterograde
transport, (d) Golgi to ER retrograde transport, (e)
maintenance of Golgi function and structural integ-
rity, and (f) endosome function and structure. This
has resulted in signi¢cant controversy over which
e¡ects are directly due to COPI function and which,
if any, might be indirect.
Fortunately, the combination of in vitro biochem-
ical studies of COPI and in vivo analyses of COPI
mutants in the budding yeast Saccharomyces cerevi-
siae has, in recent years, shed additional light on this
issue. Following a brief introduction to the COPI
complex, this review will focus primarily on in vivo
phenotypes of yeast COPI mutants to illustrate the
diversity of functions attributed to COPI and to at-
tempt to de¢ne the precise functional role(s) of this
coat. Each of the proposed roles of COPI will be
addressed except endosome function and structure,
as that work has been done entirely in mammalian
systems, and no yeast COPI mutants thus far identi-
¢ed reveal defects in endosome function. After re-
viewing evidence in favor of roles for COPI in both
anterograde and retrograde ER/Golgi transport, we
will discuss the controversy surrounding this topic,
describe models which attempt to account for the
di¡erent observed phenotypes, and argue that the
e¡ect of COPI on anterograde ER to Golgi transport
is probably an indirect consequence of ine⁄cient
Golgi to ER retrieval. Roles for COPI in Golgi struc-
ture, function, and intra-Golgi transport will also be
addressed, followed by a proposal for reconciling
con£icting data by means of a cisternal maturation
model of anterograde transport. ARF and its roles in
regulating membrane dynamics and coat recruitment
to membranes will also be discussed. Finally, we will
describe what we feel are some of the future direc-
tions for COPI studies and will suggest some exper-
imental steps which could be taken to facilitate our
understanding of COPI-mediated processes.
2. COPI: identi¢cation, characterization, and
biochemical properties of COPI subunits
COPI-coated vesicles were ¢rst identi¢ed by elec-
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tron microscopy of mammalian Golgi membranes
treated with cytosol and ATP [13]. Buds and vesicles
formed under these conditions are distinct in appear-
ance from clathrin-coated vesicles: whereas the cla-
thrin coat displays a regular, lattice-like appearance
at the ultrastructural level, the COPI coat appears as
a ‘fuzzy’ protein layer covering the membrane. Im-
munoelectron microscopy revealed that COPI-coated
buds and vesicles contain at least one secretory cargo
protein, vesicular stomatitis virus glycoprotein (VSV-
G), supporting a functional role for COPI in secre-
tory transport [13]. Treatment of Golgi membranes
with GTPQS to prevent GTP hydrolysis [14] allowed
large-scale puri¢cation of COPI-coated vesicles [15]
and subsequent identi¢cation of the coat components
[16].
These and other biochemical analyses initially in-
dicated that the COPI coat consists of eight distinct
protein subunits: seven COPs (coatomer proteins)
[16^19] and ARF [20]. The seven COPs have been
termed K, L, LP, Q, N, O, j and range in apparent
molecular mass from V160 kDa (K) to V20 kDa
(j) (Table 1). The heptameric COPI complex self-
assembles in the cytoplasm and binds to membranes
en bloc [21]. Association of myristoylated ARF-GTP
with Golgi membranes is thought to ‘prime’ Golgi
membranes and make them amenable to COPI bind-
ing [22,23]. Thus it has been proposed that the se-
quential association of ¢rst ARF-GTP and then the
COPI complex with Golgi membranes initiates bud-
ding and formation of COPI-coated vesicles [24]. In
vitro reconstitution of intra-Golgi transport demon-
strated that Golgi-derived COPI-coated vesicles were
transport competent and revealed that the only solu-
ble proteins which need to be added to Golgi mem-
branes to reconstitute vesicle formation are COPI
and ARF [25].
Genetic analyses (described further in later sec-
tions) have also identi¢ed all of the COPI subunits
and ARF in yeast (Table 1). The yeast COPI genes
Table 1
Yeast COPI and ARF genes and protein features
Protein Yeast
gene




K-COP RET1 1201 aa 6 WD-40 repeats in N-terminal 300 aa; B O-,LP-COPs
(150 kDa) destabilized in the absence of O-COP
L-COP SEC26 973 aa L AP subunit homology at N-terminus F N-COP
(110 kDa)
LP-COP SEC27 889 aa 5 WD-40 repeats in N-terminal 280 aa B K-COP
(100 kDa)
Q-COP SEC21 935 aa weak homology to L-COP and L AP F j-COP
(103 kDa) subunits
N-COP RET2 547 aa W AP subunit homology at N-terminus L-COP
(60 kDa)
O-COP SEC28 296 aa deletion destabilizes K-COP B K-COP
(35 kDa)
j-COP RET3 189 aa c AP subunit homology at N-terminus F Q-COP
(21 kDa)
ARF ARF1 180 aa % identities : 96% yARF2; 78% hARF1; hARF1 cross-links to L-COP
(21 kDa) 66% hARF6; 59% hARL1;
56% yARF3/yARL1
ARF2 180 aa [approx. same as ARF1]
(21 kDa)
ARF3 183 aa % identities : 60% hARF6; 56% yARF1/2;
(21 kDa) 56% hARF1; 50% yARL1; 48% hARL1
ARL1 183 aa % identities : 64% hARL1; 56% yARF1/2;
(21 kDa) 56% hARF1; 52% hARF6; 50% yARF3
aIn vitro work with yeast and mammalian p24 proteins and mammalian cell lysates.
bIn vitro work with mammalian COPI subunits.
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are RET1 (K), SEC26 (L), SEC27 (LP), SEC21 (Q),
SEC28 (O) RET2 (N), and RET3 (j) [26^31]. Each of
these genes is essential for viability except SEC28.
ARF is encoded by at least four genes in yeast and
is also essential; yeast ARF proteins and their roles
in transport and membrane dynamics are discussed
in a later section.
The structure of the COPI complex is not yet as
well understood as that of either the clathrin/AP
complexes or COPII. However, combined work in
mammalian and yeast systems has revealed several
noteworthy features of the COPI subunits and the
COPI complex in general (Table 1). For example,
several COPI subunits display both size similarities
and N-terminal homology with AP complex sub-
units: L-COP with L AP subunits, Q-COP (weakly)
with L AP subunits and L-COP, N-COP with W AP
subunits, and j-COP with c AP subunits [19,28].
Additionally, both K-COP and LP-COP contain N-
terminal WD-40 motifs [30,32], which may act as
protein-protein or protein-membrane interacting do-
mains. Two-hybrid analysis of mammalian COPs
also revealed speci¢c subunit-subunit interactions:
L-COP with N-COP, Q-COP with j-COP, and K-
COP with both O-COP and LP-COP [33]. Recent ge-
netic analyses in yeast identi¢ed SEC28 (O-COP) as a
multicopy suppressor of a ret1-3 mutation which spe-
ci¢cally causes destabilization of K-COP [27]. Unlike
the other COPI genes, SEC28 is not essential; inter-
estingly, however, deletion of SEC28 causes destabil-
ization of K-COP but not of any other COPI sub-
unit. Similarly, deletion of the clathrin light chain
gene in yeast is also known to destabilize clathrin
heavy chain [34].
Together, these data suggest that despite their dis-
tinct sites of action, the COPI and clathrin/AP com-
plexes can be viewed as roughly analogous, with L-,
Q-, N-, and j-COPs corresponding to the AP subunits,
and K- and O-COPs corresponding to clathrin heavy
and light chains, respectively. LP-COP could facilitate
protein-protein or protein-membrane interactions via
its WD-40 motif. Each of the above-mentioned phys-
ical and genetic interactions also correlates with the
recent division of COPI into two subcomplexes based
on binding of each subcomplex to distinct C-terminal
tails of p24 family proteins: the ‘B’ subcomplex (K-,
LP-, O-COPs) binds to p24 proteins containing dibasic
signals, and the ‘F’ subcomplex (L-, Q-, j-COPs)
binds to p24 proteins containing two phenylalanine
residues near the transmembrane domain (p24 pro-
teins are described further in later sections) [35]. The
similarities between the clathrin/AP and COPI com-
plexes and the fact that the same small GTP-bind-
ing protein, ARF, drives membrane association of
both coats [4] underscores the need for additional
factors to mediate speci¢city of coated vesicle forma-
tion.
The biochemical and in vitro analyses described
above played an invaluable role in the initial identi-
¢cation of the COPI complex, our understanding of
its structural organization, and the elucidation of
mechanisms by which it mediates intracellular trans-
port. Importantly, the isolation and analysis of yeast
mutants defective for COPI function also provides
signi¢cant additional insight into the in vivo func-
tions of this coat complex. We will now turn our
focus to discussing the multiple proposed functional
roles of COPI, primarily describing phenotypes ob-
served in yeast COPI mutants but also incorporating
mammalian data supporting each of these varied in
vivo roles.
3. COPI and anterograde ER to Golgi transport
As illustrated in Table 1, several of the yeast COPI
subunits are encoded by SEC genes. The now-classic
sec mutant screen [36] was designed to identify secre-
tion-defective mutants and has resulted in the isola-
tion of over 30 complementation groups of mutants
[26,36,37] defective for protein transport at various
steps in the secretory pathway [38,39]. As almost all
of the SEC genes are essential for viability, the sec
mutant screen identi¢ed alleles conditionally defec-
tive for growth and secretory pathway function.
This enabled their analysis under both permissive
and nonpermissive conditions (i.e., sec mutants
grow and secrete normally at permissive tempera-
tures, such as 24‡C; however, they do not grow
and are secretion-defective at nonpermissive temper-
atures, such as 37‡C). The function of SEC genes can
also be analyzed in vivo by placing them under tran-
scriptional control of a regulatable promoter and
observing what happens when gene expression is re-
pressed and the cells become depleted of the Sec
protein over time.
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The ¢rst indication of a role for COPI in antero-
grade ER to Golgi transport and indeed the ¢rst in
vivo analysis of COPI function came with the iden-
ti¢cation of SEC21 as Q-COP [29,31]. In the sec21-1
mutant at nonpermissive temperature, ER to Golgi
transport of the vacuolar hydrolase carboxypeptidase
Y (CPY) is defective [29], and electron microscopy
revealed that the sec21-1 mutant accumulates both
ER membranes and an ‘intermediate’ number of 50
nm transport vesicles after prolonged incubation at
nonpermissive temperature [39]. Each of these phe-
notypes is consistent with a role for Q-COP in ER to
Golgi transport. The morphological data also clearly
distinguished sec21-1 from two other classes of ER-
Golgi mutants: COPII/vesicle budding mutants,
which accumulate ER membranes but no 50 nm
vesicles, and vesicle docking/fusion mutants, which
accumulate both ER membranes and large numbers
of 50 nm vesicles [39]. Phenotypes similar to those
seen with sec21-1 are also observed at nonpermissive
temperature for other yeast COPI mutants (i.e.,
sec27-1 [26]) as well as for yeast cells in which tran-
scription of a COPI gene was shut o¡ (i.e., depletion
of SEC26 [26] ; deletion of SEC28 [27]). sec21 ts mu-
tants generated by random PCR mutagenesis also
exhibit a rapid and near-complete block in ER ex-
port of CPY [40]. Contrary to expectations, however,
forward transport of other cargo proteins is unaf-
fected in these and other COPI mutants (as will be
discussed further below).
Additional lines of evidence from both yeast and
mammalian systems also support a role for COPI in
ER to Golgi transport. For instance, antibodies
against L-COP inhibit ER to Golgi transport of
VSV-G when microinjected into whole mammalian
cells [41] or when added to an in vitro ER to Golgi
reconstitution assay [42]. Dominant inhibitory ARF1
mutants also inhibit ER to Golgi transport in mam-
malian cells [43]. Finally, COPI-rich regions of ER
have been observed in mammalian cells [44], and
COPI and ARF added to yeast ER membranes in
vitro induce budding and formation of COPI-coated
vesicles [45]. Although no soluble cargo proteins
have thus far been found in these ER-derived
vesicles, the evidence supporting a role for COPI in
ER to Golgi tra⁄c is signi¢cant and indicates that
this coat complex almost certainly a¡ects transport
of at least some proteins out of the ER.
4. COPI and retrograde Golgi to ER transport
In recent years, it has become clear that both or-
ganelle integrity and anterograde secretory transport
depend not only on factors that directly mediate an-
terograde tra⁄c but also on retrieval of proteins and
lipids. For instance, retrograde transport from the
Golgi to the ER serves both to retrieve ‘escaped’
ER resident proteins and to recycle factors required
to mediate multiple rounds of anterograde tra⁄c be-
tween these two organelles.
Protein retrieval between the Golgi and the ER is
a speci¢c, regulated event that depends on sorting
signals contained within the recycling proteins them-
selves [46,47]. To date, three distinct types of proteins
are known to be retrieved in this manner: (a) K/
HDEL-containing proteins, (b) KKXX, or dilysine-
containing proteins, and (c) Sec12p. As will be de-
scribed below, all three types of proteins are likely to
be recycled in COPI vesicles (Fig. 1). We will ¢rst
focus on dilysine-containing proteins, since studies
involving this signal provided the ¢rst indication
that COPI mediates Golgi to ER retrograde trans-
port.
4.1. COPI mediates Golgi-ER retrieval of
dilysine-containing proteins
Work in mammalian cells initially identi¢ed the
‘KKXX’ or ‘dilysine’ motif in type I membrane pro-
teins. This signal consists of two lysine residues at the
33,34 or 33,35 C-terminal cytoplasmic positions
[48] and e⁄ciently directs Golgi to ER retrieval in
both mammalian [49] and yeast systems [50,51].
Although this signal was clearly understood to direct
retrieval, until a few years ago the cellular machinery
involved in recognizing the dilysine motif and/or me-
diating retrieval was not known.
The ¢rst evidence suggesting a role for COPI in
Golgi to ER retrieval came with the demonstration
that the dilysine motif from the yeast ER resident
protein Wbp1p speci¢cally and directly binds COPI
proteins in vitro [52]. Mutations within the dilysine
motif that abolish COPI binding [52] also disrupt the
ability of the motif to direct retrieval [50], indicating
that this physical interaction is functionally signi¢-
cant. A partial COPI complex (K-, LP-, and O-
COPs) binds to the dilysine motif under high salt
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conditions [52]. These same three subunits also bind
to C-terminal tails of p24 proteins containing a dily-
sine motif and, as such, comprise the ‘B’, or ‘basic’,
subcomplex of COPI [35]. These data suggest that
one or more of these COPI proteins (K-, LP-, O-
COPs) is likely to contain speci¢c recognition site(s)
which drive the COPI-dilysine motif interaction.
Further support for an in vivo role for COPI in
Golgi to ER retrieval came with the identi¢cation of
RET1 as yeast K-COP [30]. The ret mutant screen
was designed to identify mutants defective for dily-
sine-mediated retrieval and scored for surface expres-
sion of a KKXX-tagged pheromone receptor (Ste2p).
The initial ret screen also yielded a new allele of
SEC21 [30], and subsequent screens identi¢ed
RET2 as N-COP and RET3 as j-COP [28]. Interest-
ingly, COPI from both ret1-1 and sec27-1 mutant
lysates exhibits defects in binding to the dilysine mo-
tif in vitro; however, COPI from sec21-1, ret2-1, and
ret3-1 lysates is still competent to bind this motif
[28,30]. Quantitative in vivo experiments using an
invertase-Wbp1 reporter protein revealed that all
COPI mutants studied thus far, with the exception
of the sec28 deletion strain [27], exhibit defects in
retrieval of dilysine-tagged proteins [28,30]. For
some of these mutants, retrograde defects are most
obvious at semipermissive temperatures, since inhib-
ition of anterograde transport at nonpermissive tem-
perature often makes it di⁄cult to score retrieval
e⁄ciency. Remarkably, however, some COPI mu-
tants, ret1-1 in particular, exhibit severe retrieval de-
fects even at nonpermissive temperature and, to date,
do not display any observable defects in anterograde
transport [30]. COPI mutants are also defective for
Golgi to ER recycling of Emp47p [53], which con-
tains a dilysine (KXKXX) motif and cycles between
the Golgi and the ER but localizes at steady state to
the Golgi complex [54].
4.2. COPI mediates Golgi-ER retrieval of
K/HDEL-containing proteins and Sec12p
Interestingly, as mentioned above, COPI vesicles
are also likely to be the retrograde carriers for at
least two other proteins/protein families harboring
well-characterized Golgi to ER retrieval motifs: (a)
KDEL(mammalian)/HDEL(yeast)-containing pro-
teins and (b) Sec12p. The K/HDEL sequence found
at the C-terminus of many soluble ER resident pro-
teins functions as a Golgi to ER retrieval signal in
both yeast and mammalian cells (for a review, see
[46]). This signal is also found at the C-terminus of
at least two membrane proteins, Sec20p and Sed4p.
ERD2 (ER retention defective) was identi¢ed in a
screen to select yeast mutants unable to retain/recycle
HDEL-containing proteins from the Golgi to the ER
and was subsequently shown to encode the HDEL
receptor. Erd2p (and its mammalian homolog) spe-
ci¢cally binds to the K/HDEL motif in the cis-Golgi.
Two lines of evidence suggest that the Erd2-K/
HDEL protein complex is then packaged into
COPI vesicles for transport back to the ER. First,
the mammalian Erd2p homolog is enriched in COPI
vesicles [55], and second, Golgi to ER retrieval of
Erd2p is blocked in at least one COPI mutant at
nonpermissive temperature [53]. Thus, like dilysine-
containing proteins, K/HDEL-containing proteins
and their receptor are likely to recycle in COPI
vesicles.
The system which retrieves Sec12p, a type II ER
resident membrane protein, from the Golgi to the
ER is also likely to use COPI vesicles. Sec12p is a
guanine nucleotide exchange factor for Sar1p and
participates in the budding of COPII vesicles from
the ER [56]. The transmembrane domain of Sec12p
mediates its retrieval from the Golgi to the ER [57].
The rer (retention in the ER) mutant screen designed
to isolate Sec12p retention/retrieval-de¢cient mutants
[58] identi¢ed Rer1p, a Golgi-localized receptor [59]
which is thought to interact with the Sec12p trans-
membrane domain to drive its retrieval to the ER.
Like erd2 mutants, the rer1-1 mutant does not a¡ect
retrieval of dilysine-containing proteins. Interest-
ingly, however, the recently identi¢ed rer3-1 muta-
tion corresponds to ret1-12, an allele of the yeast
K-COP gene [60]. This allele exhibits speci¢c defects
in retrieval of both Rer1p and Sec12p but not dily-
sine-containing proteins from the Golgi to the ER.
Conversely, the ret1-1 mutant, which is severely de-
fective for dilysine-mediated retrieval, does not a¡ect
recycling of Rer1p or Sec12p.
Taken together, these data indicate that at least
three distinct Golgi to ER retrieval systems use
COPI vesicles for retrograde transport (Fig. 1). Di-
lysine-containing proteins are likely to interact di-
rectly with one or more COPI subunits for packaging
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into COPI-coated vesicles. K/HDEL-containing pro-
teins would ¢rst interact with Erd2p, and Sec12p
would ¢rst interact with Rer1p. Following these in-
teractions, the ligand-receptor complexes would then
be packaged into COPI vesicles either directly or via
other, as yet unidenti¢ed protein(s). Regardless of
the precise mechanisms of cargo/receptor packaging,
it is clear that COPI directly participates in retrieval
of multiple classes of proteins from the Golgi to the
ER.
5. COPI in ER/Golgi transport: forwards,
backwards, or both?
The extensive evidence presented above convinc-
ingly argues that COPI directly mediates retrieval
of proteins from the Golgi to the ER. However, it
is clear that COPI also in£uences transport in the
forward direction. Two distinct possibilities can be
envisioned: (a) the anterograde and retrograde path-
ways are tightly coupled, and the requirement for
Fig. 1. Model for COPI-mediated Golgi to ER retrograde transport. COPII vesicles carry anterograde cargo proteins from the ER to
the cis-Golgi, and COPI vesicles carry retrograde cargo proteins from the cis-Golgi back to the ER. Each vesicle type carries both v-
SNARE(s) required for docking/fusion of that vesicle and recycling v-SNARE(s) required for docking/fusion of the other vesicle type.
Some retrograde COPI vesicle cargo proteins are ER resident proteins which occasionally escape the ER and need to be retrieved. Ex-
amples include dilysine-containing proteins, which interact directly with COPI for packaging into vesicles, and soluble HDEL proteins
and Sec12p, which interact with Erd2p and Rer1p, respectively, in the cis-Golgi prior to being packaged into COPI vesicles. Other
COPI vesicle cargo proteins continuously cycle between the ER and cis-Golgi because they are used for multiple rounds of ER/Golgi
transport. Examples include v-SNAREs (as mentioned above) and anterograde cargo protein ‘receptors’, which must cycle back to the
ER after delivering their cargo to the cis-Golgi.
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COPI in retrograde transport indirectly causes de-
fects in anterograde transport, or (b) COPI does in-
deed participate directly in both anterograde and
retrograde ER/Golgi transport.
5.1. Is the e¡ect of COPI on anterograde ER
to Golgi tra⁄c indirect?
In inter-organelle transport, tra⁄c in either direc-
tion will be abnormal if tra⁄c in the other direction
is perturbed. For instance, factors which direct ante-
rograde transport are not likely to be consumed after
one cycle of vesicle budding, docking, and fusion but
instead are likely to be retrieved and reused for mul-
tiple rounds of transport. If recycling of these factors
is blocked, anterograde transport dependent on such
factors would soon cease. Therefore, an attractive
model to explain the role of COPI in ERHGolgi
tra⁄c postulates that COPI directly mediates only
Golgi to ER retrieval, and that the anterograde
ER-Golgi transport defects observed under COPI-de-
¢cient conditions are an indirect result of the Golgi
to ER retrieval defect (Fig. 1).
This model was ¢rst proposed when COPI was
initially shown to direct retrograde ER to Golgi
transport [30,61]. However, interpretation of COPI
mutant phenotypes was, at that time, complicated
by the fact that all COPI mutants were isolated in
screens designed speci¢cally to identify either secre-
tion- or retrieval-defective mutants. Recently, sec21
(Q-COP; COPI) ts mutants were generated by ran-
dom PCR mutagenesis in order to eliminate a bias
in selection for either anterograde or retrograde-spe-
ci¢c defects [40]. Surprisingly, all of these mutants
exhibit dramatic cargo-selective ER export defects.
In these mutants, some cargo proteins (i.e., CPY
and the mating pheromone K-factor) are completely
blocked in the ER, while other cargo proteins (i.e.,
HSP150 and invertase) transit normally through the
secretory pathway. In contrast, COPII mutants block
ER export of all cargo proteins examined to date.
The cargo-selective nature of the ER block in these
COPI mutants strongly argues for an e¡ect on cargo-
speci¢c factors. Since models where COPI directly
a¡ects anterograde transport only of certain cargo
seem less likely (see below), the most logical interpre-
tation of these data is that COPI mutants fail to
recycle proteins (i.e., cargo ‘receptors’) required for
packaging of speci¢c cargo into anterograde COPII
vesicles (Fig. 1). This is consistent with recent work
indicating that, contrary to previous models of ‘bulk
£ow’ out of the ER, cargo proteins are concentrated
and sorted prior to their ER export ([4,62]; see
COPII chapter by Barlowe, this issue).
Two distinct protein families have thus far been
identi¢ed as candidate cargo ‘receptors’. One of
these, the p24 family of membrane proteins, com-
prises a relatively large group of V24 kDa mem-
brane proteins conserved throughout eukaryotes.
p24 proteins have been found in both COPI and
COPII vesicles [63,64], and in yeast, deletion of genes
encoding p24 family members (i.e., EMP24 and
ERV25) causes cargo-selective ER to Golgi transport
defects [64,65]. As described above, the cytoplasmic
tails of these proteins bind selectively to COPI sub-
complexes in vitro [35]. As it has been suggested that
the p24 proteins act in pairs [65], these preferential
binding a⁄nities may serve to ensure that each p24
protein partner is e⁄ciently recycled. Another family
of proteins, grouped together because of their homol-
ogy to leguminous lectins, may also play a cargo
‘receptor’ role. At least two members of this family,
ERGIC-53 and Emp47p, contain dilysine motifs and
cycle between the ER and Golgi in a COPI-depend-
ent manner [53,54,66^68]. These proteins could, by
virtue of their lectin homology, interact with carbo-
hydrate moieties on cargo proteins to drive incorpo-
ration of cargo into COPII vesicles.
The v-SNARE family of vesicle targeting mole-
cules comprises another group of proteins whose re-
cycling is likely to be critical for proper functioning
of the ER/Golgi pathway. In the SNARE hypothesis,
targeting of transport vesicles to an appropriate ac-
ceptor compartment is mediated by the interaction of
a v-SNARE protein on the vesicle with its cognate t-
SNARE protein on the target membrane [2]. Because
SNAREs are thought to provide targeting speci¢city,
vesicles traveling in both the anterograde and retro-
grade directions should require distinct SNAREs for
fusion with the appropriate acceptor membrane. ER/
Golgi v-SNAREs have been found in COPII vesicles
and are likely present in COPI vesicles as well [69^
71]. This could be interpreted to mean that both
COPI and COPII vesicles function directly in ER
to Golgi transport and thus use the same v-SNAREs.
However, an alternative interpretation is that both
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vesicle types carry not only the v-SNAREs required
to direct their own targeting but also recycling v-
SNAREs used to direct targeting of the other type
of vesicle (Fig. 1). Consistent with this idea, over-
expression of v-SNAREs known to participate in
targeting ER-derived COPII vesicles to the cis-Golgi
can partially suppress both the temperature condi-
tional growth [26,72,73] and anterograde CPY trans-
port defects (E.C. Gaynor and S.D. Emr, unpub-
lished) of several yeast COPI mutants. Thus, by
providing the ER and COPII vesicles with extra cop-
ies of proteins required for targeting, the need for
e⁄cient recycling of those proteins might be at least
partially bypassed.
5.2. Direct roles for COPI in both directions of
ER/Golgi transport?
Models supporting a direct role for COPI in both
retrograde and anterograde transport between the
ER and cis-Golgi can be envisioned but must ac-
count for the following data. First, all cargo proteins
studied to date require COPII for ER to Golgi trans-
port, and a subset of these proteins also requires
COPI [40]. Second, in both COPII and sec21 (Q-
COP) mutants, proteins like CPY and K-factor fail
to reach the ¢rst cis-Golgi compartment, which is
de¢ned by the initiating K1,6-mannosyltransferase
Och1p [50] Given these constraints, models where
COPI acts directly in ER to Golgi transport would
require that this event occurs in two distinct steps,
ERCintermediate compartment (IC)Ccis-Golgi,
and that one of these steps is mediated solely by
COPII, since COPII blocks transport of all cargo
to the cis-Golgi. The other step would be mediated
by both COPI and COPII vesicles carrying distinct
cargo proteins.
One possibility is that both COPI and COPII
vesicles bud from the ER and carry distinct cargo
to the IC, and COPII mediates all tra⁄c from the
IC to the cis-Golgi. Work in both yeast and mam-
malian cells has suggested that COPII participates in
transport events distal to the ERCIC/cis-Golgi step
[74^76]. However, because at least one COPI-de-
pendent protein, K-factor, is found exclusively in
COPII vesicles budding from the ER in vitro [45],
this particular model seems unlikely.
Alternatively, COPII vesicles could carry all cargo
from the ER to the IC, at which point COPI and
COPII vesicles would then carry their distinct cargo
forward to the cis-Golgi. This model also seems un-
likely but would be feasible if two important criteria
are met. First, although an ‘intermediate compart-
ment’ has not been identi¢ed as such in yeast (per-
haps due to lack of scoreable enzymatic activity), a
bona ¢de yeast IC would have to be functionally
distinct from the cis-Golgi compartment containing
Och1p. Second, because CPY in the sec21 ts mutants
cofractionates with ER proteins, the IC would also
have to fractionate identically with the ER.
We now turn our focus to how COPI might func-
tion within the Golgi complex. COPI was initially
identi¢ed as a component of vesicles that were pro-
posed to mediate anterograde transport between suc-
cessive Golgi compartments. Since then, however,
COPI has also been credited with both maintaining
the physical structure of the Golgi and directing ret-
rograde transport within the stack. As with our de-
scription of COPI in ER/Golgi transport, we will ¢rst
describe evidence supporting each of these roles and
then discuss models which might account for the
seemingly contradictory data.
6. COPI and Golgi structure
One of the proposed roles for COPI in Golgi func-
tion is structural, in the sense that by lining the sur-
face of Golgi membranes, COPI creates a protein
‘sca¡old’ [77] which helps maintain the physical in-
tegrity of Golgi cisternae. Indeed, L-COP localizes to
the Golgi as judged both by immuno£uorescence and
immunoelectron microscopy. Under most conditions,
L-COP localizes primarily to cisternal rims of the cis-
Golgi, although it is also found on the trans face
[19,55,78]. Electron microscopy has also revealed
that Golgi cisternae are lined with two morphologi-
cally distinct types of protein coats [79]. One of these
coats is tightly packed and found mostly at cisternal
rims, and as such is likely to contain COPI. The
other coat is much ¢ner, is distributed over other
peripheral cisternal regions, and may or may not
contain COPI. It has been proposed that these dis-
tinct coats help maintain the physical and functional
architecture of both individual cisternae and distinct
regions within a single cisterna. Electron microscopy
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also revealed that Golgi membranes become frag-
mented and vesiculated in a temperature-conditional
O-COP mutant at nonpermissive temperature [80].
Likewise, in yeast sec21 ts mutants at high temper-
ature, the cis-Golgi protein Och1p displays a dis-
persed rather than punctate staining pattern by im-
muno£uorescence [40]. Brefeldin A, which is thought
to inactivate ARF by inhibiting the ARF guanine
nucleotide exchange factor (see below), also causes
dramatic morphological changes in Golgi structure
[81]. Each of these observations could re£ect a break-
down of normal Golgi structure under COPI-de¢-
cient conditions. While this physical ‘sca¡old’ role
has not been proven per se, it makes sense that the
presence of speci¢c coat proteins on a membrane
may help both to de¢ne distinct Golgi regions and
to prevent unregulated membrane fusion/¢ssion
events from occurring.
7. COPI and anterograde intra-Golgi transport
As mentioned earlier, the initial identi¢cation and
characterization of COPI was as a component of the
machinery mediating transport between successive
Golgi cisternae. In the intra-Golgi transport assay
which established this role, Golgi membranes from
a cell line expressing the anterograde cargo protein
VSV-G and defective for GlcNAc transferase activity
act as the donor, and wild type Golgi membranes act
as the acceptor. To assay anterograde transport of
vesicles budding from a donor membrane and fusing
with an acceptor membrane, the addition of GlcNAc
to VSV-G was quanti¢ed [25]. Both VSV-G and Gol-
gi transferases were found in these vesicles, which
could also be consistent with retrograde transport
creating a positive signal in the assay (see below).
Nevertheless, this assay has historically been the
most often cited piece of evidence supporting a role
for COPI in anterograde intra-Golgi transport. Re-
cently, additional support for this role was provided
by immunoelectron microscopy studies showing that
two anterograde cargo proteins, proinsulin and VSV-
G, as well as one retrograde cargo protein, the
KDEL receptor, are found in distinct populations
of Golgi-derived COPI-coated vesicles [55]. Proinsu-
lin is concentrated V1.4^1.8-fold in vesicles vs. cis-
ternae, while the KDEL receptor is concentrated
V3^16-fold in vesicles vs. cisternae (3-fold in cis-
Golgi-derived vesicles; 16-fold in trans-Golgi-derived
vesicles). Given these data, it is surprising that in
yeast there is currently no evidence supporting a
role for COPI in anterograde intra-Golgi transport.
In fact, even COPI mutants which completely block
ER to Golgi transport of speci¢c cargo proteins do
not exhibit defects in anterograde intra-Golgi trans-
port of other cargo [40].
8. COPI and retrograde intra-Golgi transport
For individual Golgi cisternae to maintain func-
tional integrity, the appropriate concentration and
distribution of resident Golgi enzymes throughout
the stack must also be preserved. Retrograde trans-
port between Golgi cisternae would be essential for
retrieval of resident Golgi enzymes which either nor-
mally continuously cycle within the stack or which,
like ER resident proteins, might occasionally escape
their site of residence.
Do Golgi enzymes cycle, and does COPI regulate
this process? In mammalian cells, Golgi enzymes are
known to tra⁄c between distinct Golgi cisternae
[82,83] and have been observed in COPI vesicles
[25,84]. In yeast, Golgi enzymes have also been pro-
posed to cycle between compartments [85,86]. Fur-
thermore, the dispersed staining pattern observed for
Och1p by immuno£uorescence in the sec21 ts mu-
tants [40] could re£ect ine⁄cient retrieval and conse-
quent relocalization of Och1p to multiple Golgi com-
partments rather than a breakdown of cis-Golgi
structure. Other yeast early Golgi proteins also ap-
pear to be a¡ected by COPI. Elongating K1,6-man-
nosyltransferase activity is low- to non-functional in
the sec21 ts and ret2-1 mutants [40], which could
re£ect mislocalization of this enzyme. Both Golgi
Ca2 pump (pmr1) [87] and GDPase (gda1) [88] mu-
tants also exhibit defects in elongated K1,6-mannose
modi¢cation. Although COPI has not been formally
implicated in retrieval of either of these cis/medial
enzymes, mislocalization of either of these proteins
in COPI mutants could either create an environment
in which the elongating K1,6-transferase cannot func-
tion (pmr1) or limit the available supply of GDP-
mannose (gda1).
Surprisingly, COPI mutants do not appear to af-
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fect either the localization of at least one yeast me-
dial-Golgi enzyme (Mnn1p, the K1,3-mannosyltrans-
ferase [40]) and at least one yeast trans-Golgi protein
(Vps10p, the CPY receptor; E.C. Gaynor and S.D.
Emr, unpublished). However, these and other medi-
al- and trans-Golgi proteins are mislocalized in yeast
clathrin mutants [89^91]. Conversely, clathrin mu-
tants do not appear to a¡ect earlier Golgi proteins
like GDPase [91]. These observations do not exclude
a role for COPI in localization of medial/trans-Golgi
proteins. They do, however, imply that proteins
thought to be residents of ‘early’ or ‘late’ Golgi com-
partments might be additionally di¡erentiated by
whether they depend more on COPI or clathrin, re-
spectively, for proper localization and function.
9. Speculations on the role of COPI in intra-Golgi
transport
The considerable bulk of data arguing that ante-
rograde tra⁄c within the Golgi stack occurs via
COPI vesicles illustrates why this view is currently
the textbook model for this transport event.
Although yeast COPI mutants do not appear to af-
fect anterograde intra-Golgi transport [40], it is pos-
sible that such mutants, even those which clearly
block ER export of certain cargo, might perturb nor-
mal Golgi structure to such an extent as to allow
unregulated anterograde transport to occur even in
the absence of COPI function. Indeed, disruption of
COPI function in mammalian cells leads to the for-
mation of membrane tubules [81] ; transport via such
tubules in yeast COPI mutants could explain why
certain cargo transits more or less normally through
the Golgi in these mutants.
As an attractive alternative to this model, how-
ever, and as a possible way to reconcile con£icting
in vitro biochemical and in vivo genetic data, it is
interesting to speculate that the role of COPI in in-
tra-Golgi transport might be exclusively retrograde,
and that anterograde £ux occurs by a nonvesicular
mechanism such as cisternal maturation. In a cister-
nal maturation model, cargo enters the Golgi at the
cis-most cisterna and progresses through the stack
simply by virtue of that cisterna ultimately maturing
into a trans-cisterna [92]. Cisternal identities are
maintained and/or established by continuous retro-
grade cycling of Golgi resident proteins, in which
preferential retrograde vesicle packaging of cis-Golgi
proteins over medial-Golgi proteins, and medial-Gol-
gi proteins over trans-Golgi proteins maintains the
appropriate asymmetric distribution of enzymes
across the stack [93].
This model is consistent with all of the above-men-
tioned data describing a role for COPI in retrograde
intra-Golgi transport. This model is also consistent
with the relative paucity of intra-Golgi SNARE-like
molecules as de¢ned either experimentally or by
searching the yeast genome database [94], since fu-
sion of retrograde vesicles with cisternae during cis-
ternal maturation is likely to resemble homotypic
fusion and would therefore require only a limited
set of SNAREs. Data supporting a role for COPI
in intra-Golgi anterograde transport are also poten-
tially compatible with this model. For instance, with-
out serial section analysis of the vesicles observed to
contain anterograde cargo in whole cells [55], it is
di⁄cult to know with complete certainty whether
some of the presumed vesicles might instead be slices
through tubules, buds, or cisternae. Even assuming
that they are vesicles, retrograde cargo is signi¢cantly
more concentrated in the vesicles than are antero-
grade cargo, and, as predicted from a cisternal ma-
turation model [93], the relative concentration of ret-
rograde cargo in vesicles vs. cisternae increases
dramatically in the cis-to-trans direction [55]. Inclu-
sion of anterograde cargo into retrograde COPI
vesicles could represent ‘bulk’ packaging of cisternal
material into retrograde vesicles, an e¡ect which
would not be expected to signi¢cantly slow anterog-
rade transport of cargo through the stack [93]. Fi-
nally, COPI-mediated retrograde tra⁄c of Golgi en-
zymes and/or bulk packaging of anterograde cargo
into COPI vesicles could explain the positive signal
in the in vitro transport assay.
10. ARF and the recruitment of COPI to Golgi
membranes
10.1. ARF proteins in yeast
The small GTP-binding protein ARF is thought to
mediate the speci¢c binding of COPI to Golgi mem-
branes [3]. Three ARF genes and one ARL (ARF-
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like) gene can be identi¢ed in the yeast genome by
the remarkable conservation of amino acid sequence
and size of the predicted proteins (Table 1). Yeast
Arf1 and Arf2 proteins are 96% identical [95] and
most closely resemble mammalian Arf1 and Arf3
[96], proteins known to localize to the mammalian
Golgi. Yeast cells can tolerate a deletion of either
ARF1 or ARF2 with little e¡ect on growth; however,
strains harboring a deletion of both genes are not
viable. This suggests that ARF1 and ARF2 are re-
dundant and that they provide an essential function
that can not be replaced by ARF3 or ARL1. Addi-
tional support for this conclusion comes from the
analysis of ARF3 [97], which shows greater sequence
similarity to human ARF6 than to yeast ARF1 or
ARF2. arf3 deletion strains are viable, as are strains
harboring double mutant combinations of arf3v with
arf1v or arf2v. No speci¢c function has yet been
found for ARF3 or ARL1.
10.2. arf mutant phenotypes
The ¢rst indication that ARF was required for
normal Golgi function came from immunolocaliza-
tion of ARF protein to the mammalian Golgi and
analyses of yeast arf mutants [98]. In wild type yeast
cells, Arf2p is expressed at only 10% of the level of
Arf1p [95], and strains harboring a deletion of ARF2
do not exhibit any discernible phenotype. However,
the arf1v mutant exhibits partial defects in protein
transport through the secretory pathway and in Gol-
gi-speci¢c glycosylation of a secreted glycoprotein
[98]. The arf1v mutant also exhibits synthetic defects
in combination with mutations in COPI and ypt1 (a
small GTPase in the rab family) [98,99], implying a
functional relationship of ARF to COPI-mediated
vesicular transport. Depletion of ARF using a re-
pressible promoter ultimately leads to the accumula-
tion of ER modi¢ed invertase in the ARF de¢cient
cells [98]. This observation has often been cited as
evidence that ARF is required for ER to Golgi pro-
tein transport. However, the same phenotype could
result from a defect in retrograde transport, a loss of
Golgi mannosyltransferase activity, or damage to the
Golgi membrane such that transport vesicles from
the ER can no longer fuse with the acceptor Golgi
compartment.
Perhaps surprisingly, both arf1v and temperature-
conditional arf mutants exhibit only a modest re-
trieval defect and a V3^4-fold delay in transport
of both COPI-dependent and COPI-independent car-
go through the ER/Golgi system [99]. No one has yet
reported a temperature conditional allele of ARF
that exhibits a tight block in anterograde protein
transport at the nonpermissive temperature. Addi-
tionally, brefeldin A a¡ects ER to Golgi transport
only of COPI-dependent cargo but a¡ects intra-Gol-
gi transport and secretion of both COPI-dependent
and COPI-independent proteins [40,100]. Together,
these data imply a broader role for ARF in transport
through the Golgi than simply regulation of COPI-
mediated processes.
In contrast to the modest transport defects, the
structure of the yeast Golgi is markedly perturbed
in the arf1v mutant [99]. For instance, immuno£uo-
rescence staining with antibodies to early and medial
Golgi mannosyltransferases revealed large, ring-
shaped membrane structures in these cells. This is
in marked contrast to the normal punctate staining
patterns observed with these antibodies in wild type
cells. Electron microscopy revealed that the arf1v
mutant contains a number of apparently discontinu-
ous vesicular and tubular pro¢les arranged in V0.5
Wm diameter rings. These images appear to represent
transverse sections through hollow spheres of inter-
connected membrane tubules. Structures of this type
have not been observed in other sec mutants, in
COPI mutants, or in wild type cells. Interestingly,
however, similar structures have been observed tran-
siently in brefeldin A treated yeast [101] and occa-
sionally in a ypt31/32 mutant (another small GTPase
in the Ypt/rab family) [102].
ARF has also been implicated in endosomal dy-
namics. The initial evidence for this idea relied on the
inhibitory e¡ect of activated forms of ARF (i.e.,
ARF-GTPQS [103] or the Q71L human ARF1 allele
[104]), which are known to cause mislocalization of
the clathrin adaptor AP-2 complex from the plasma
membrane to endosomal membranes [105]. In yeast,
loss of ARF function causes a morphological defect
in endosomal membranes, which were examined in
the arf1v mutant using the endocytic tracer dye
FM4-64 [99]. At early time points after endocytosis
of the dye, large ring structures were observed that
were clearly distinct from the vacuole and from the
punctate appearance of endosomes in wild type cells.
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The kinetics of FM4-64 uptake/delivery to the vac-
uole are normal in the arf1v mutant. These data
suggest that ARF plays a critical role in maintaining
the structure of membrane-bound organelles in the
secretory and endocytic pathways, which may di-
rectly relate to the role ARF plays in recruiting coats
during vesicle formation.
10.3. Regulation of ARF activity I: activation of ARF
How does the cell determine which membranes
will recruit COPI and bud a vesicle? Although we
do not have a precise answer at present, this issue
is critical for understanding the regulation of coat
assembly and cargo packaging. In vitro, ARF is re-
quired to recruit COPI (and AP-1) from the cytosol
to Golgi membranes [3]. ARF is a soluble cytoplas-
mic protein when bound to GDP and requires a
guanine nucleotide exchange factor (GEF) to facili-
tate the exchange of GDP for GTP. When bound to
GTP, ARF undergoes a conformational change that
exposes its myristoylated N-terminus and allows
membrane association. The association of ARF-
GTP with membranes appears to be nonspeci¢c;
therefore, the ARF GEF is likely to determine the
speci¢city of membrane binding. Indeed, an ARF-
speci¢c GEF can be found associated with Golgi
membranes [22,106].
Recently, an ARF GEF was identi¢ed in yeast as a
multicopy suppressor of a dominant-negative ARF2
allele that was predicted to have an increased a⁄nity
for the exchange factor based on analogous muta-
tions in Ras [107]. The ARF exchange factor is en-
coded by two genes, GEA1 and GEA2, that appear
to be functionally redundant. Deletion of either gene
has no e¡ect on viability, but deletion of both genes
is lethal. A temperature conditional gea1 mutant ex-
hibits partial defects in protein transport and glyco-
sylation comparable to those observed in the arf1v
mutant. Interestingly, the amino acid sequences of
Gea1p and Gea2p suggest that they are soluble
or peripheral membrane proteins with a central do-
main homologous to a region of Sec7p [107], a do-
main that is also found in the mammalian pro-
teins ARNO [108], cytohesin-1 [109], and GRP1
[110]. Both ARNO and cytohesin-1 exhibit an
ARF-speci¢c exchange factor activity mediated by
the Sec7 domain and also contain a pleckstrin ho-
mology (PH) domain that is not present in Gea1p or
Gea2p.
Because the ARF GEFs thus far identi¢ed are not
integral membrane proteins, the problem of deter-
mining how ARF binds to speci¢c membranes has
evolved to asking how the ARF GEF binds to spe-
ci¢c membranes. ARNO binds to arti¢cial mem-
branes containing phosphatidylinositol bisphosphate
(PIP2) via its PH domain; however, optimal binding
also requires the presence of another negatively
charged phospholipid [108]. Arf1 also binds PIP2 in
a reaction that appears to facilitate guanine nucleo-
tide dissociation [111]. Thus it is possible that the
‘receptor’ for ARF GEFs are sites on membranes
with the appropriate ratio of phospholipid species
to allow GEF binding and activation of ARF. How-
ever, it is not clear if the phospholipids are involved
in the regulation of assembly/disassembly of coat
complexes or simply provide an inert sca¡old for
these reactions. At this time, there are no in vivo
correlates in the yeast system to these biochemical
requirements for speci¢c phospholipids in ARF-
GEF membrane recruitment.
10.4. Regulation of ARF activity II: inactivation
of ARF
In the presence of GTPQS, ARF is a potent inhib-
itor of COPI-mediated protein transport in vitro,
apparently because the vesicles are unable to shed
their COPI coats [14,20]. ARF has an extremely
low intrinsic GTPase activity and therefore requires
the assistance of a GTPase activating protein (GAP)
to facilitate the conversion of ARF-GTP to the in-
active ARF-GDP form [112]. The proper temporal
and spatial regulation of GAP association with ARF
ensures the correct timing of coat recruitment to
form a bud and shedding of the coat once the vesicle
is formed. Two yeast proteins, Gcs1p and Glo3p,
show signi¢cant sequence homology to a recently
identi¢ed mammalian ARF-GAP [113,114]. Gcs1p
exhibits ARF-GAP activity, and overexpression of
this protein in arf1v cells causes a signi¢cant growth
defect, consistent with Gcs1p further decreasing
the activated form of ARF in these cells [115].
gcs1v cells grow normally under standard culture
conditions but exhibit cold-sensitive defects in exit
from stationary phase and in endocytosis of FM4-
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64. Given the genetic redundancy found for ARF
(ARF1/2) and the ARF exchange factor (GEA1/2),
it would not be surprising if Gcs1 and Glo3p also
perform at least partially overlapping ARF-GAP
function(s).
10.5. ARF as a potential e¡ector of membrane
composition
ARF is a potent stimulator of mammalian phos-
pholipase D (PLD), an enzyme found on Golgi mem-
branes that cleaves phosphatidylcholine (PC) to pro-
duce choline and phosphatidic acid (PA) [116,117].
Optimal stimulation of PLD requires PIP2 [116]. In-
terestingly, ARF GAP also requires PIP2 and is
stimulated by PA, the product of PLD [112]. The
e¡ect of speci¢c phospholipids on ARF, ARF-GEF
and ARF-GAP may represent a mechanism by which
ARF ‘senses’ the phospholipid composition of a
membrane and, through activation of PLD, responds
to this information by changing the physical proper-
ties of the membrane. By analogy, the PI/PC transfer
protein Sec14p [118] is thought to ‘sample’ the mem-
brane composition by speci¢cally binding to these
phospholipids in the Golgi membrane and respond-
ing to an inappropriately high PC to PI ratio by
downregulating the CDP-choline pathway for PC
biosynthesis, an event that is essential for transport
vesicle formation [119].
It is currently not known if PLD is required for
protein transport in vivo. A PC-speci¢c PLD has
been found in yeast [120], and yeast cells defective
for both the CDP-choline pathway and Sec14p se-
crete choline into the growth medium, an event likely
to occur by PLD hydrolysis of PC into free choline
[121]. However, disruption of the only yeast PLD
gene thus far cloned (PLD1) has no apparent e¡ect
on protein transport [120]. Alternatively, a phospha-
tidylethanolamine (PE)-speci¢c PLD activity has re-
cently been identi¢ed in yeast that, in contrast to PC-
speci¢c PLD, cannot catalyze the transphosphatidyl-
ation reaction with ethanol as an acceptor [122].
Yeast cells, which produce ethanol for a living,
may rely on this second PLD rather than on Pld1p
for localized production of PA. The morphological
changes in organelle structure observed in the arf1v
mutant are certainly consistent with an inappropriate
membrane composition of these organelles. More-
over, treatment of mammalian Golgi membranes
with PLD can bypass the requirement for ARF in
COPI recruitment [123]. This implies that the essen-
tial role for ARF in coat recruitment may be to
modulate membrane composition, which in turn al-
lows membrane association of COPI and the cla-
thrin/AP complexes.
11. What’s next for COPI?
Clearly, there are many issues and questions to be
resolved concerning the precise role(s) of the COPI
coat complex. Here we touch on a few we see as
amenable to experimental testing during the coming
months.
At least two missing links to a better understand-
ing of transport between the ER and Golgi are (a) an
in vitro assay reconstituting Golgi to ER retrograde
transport, and (b) identi¢cation of proteins (i.e.,
SNAREs, NSF, rab proteins, cargo-speci¢c factors)
other than COPI and ARF which are required for
the retrieval process to occur. Although in vivo work
in yeast has already suggested the involvement of
several known gene products besides COPI in Golgi
to ER retrieval, mutations in these genes also a¡ect
anterograde transport [40,53,69,124]. An in vitro as-
say would both avoid this pitfall and provide a log-
ical means to identify novel proteins required for
formation, docking, and fusion of the retrograde car-
riers.
Many questions also still remain regarding the
precise role(s) of COPI in intra-Golgi trans-
port. For instance, which direction are Golgi-
derived COPI vesicles really traveling? Is all cargo
contained within COPI vesicles actively packaged
into the vesicles, or does some cargo enter COPI
vesicles as a result of a nonspeci¢c, potentially ‘de-
fault’ packaging event? Also, can yeast COPI mu-
tants be identi¢ed that clearly block intra-Golgi
transport?
The mechanics of vesicle formation are also not
well understood at this time. Do coats like COPI
actively participate in membrane deformation, or
do they simply select cargo for inclusion into vesicles
and de¢ne the site for vesicle formation? To what
degree might ARF-mediated lipid remodeling drive
coat assembly and/or membrane deformation? Addi-
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tionally, how are these vesicles ultimately pinched o¡
and liberated from the membrane once formation is
complete?
Finally, issues regarding the mechanism by which
COPI is recruited to appropriate membranes will
also provide avenues for future study. Simple recog-
nition of dilysine motifs is not su⁄cient for COPI/
cargo interaction in vivo, since most dilysine-contain-
ing proteins localize to the ER, yet COPI localizes to
Golgi membranes. Perhaps COPI’s recognition of
speci¢c recruitment signals in the context of an ap-
propriate phospholipid environment de¢nes the sites
of membrane association and vesicle formation. To
this end, are there speci¢c, ARF-regulated lipid mod-
ifying enzymes which directly a¡ect tra⁄cking in
vivo? Genetic studies of such enzymes in yeast and
analysis of ARF and these enzymes in an in vitro
retrieval assay may shed more light on the regulation
of COPI membrane recruitment.
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